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Abstract 
Environmental factors restrict the distribution of microbial eukaryotes but the 
exact boundaries for eukaryotic life are not known.  Here we examine protistan 
communities at the extremes of salinity and osmotic pressure, and report rich 
assemblages inhabiting Bannock and Discovery, two deep-sea superhaline 
anoxic basins in the Mediterranean. Using a rRNA-based approach, we detected 
1538 protistan rRNA gene sequences from water samples with total salinity 
ranging from 39 g/kg to 280 g/Kg, and obtained evidence that this DNA was 
endogenous to the extreme habitats sampled.  Statistical analyses indicate that 
the discovered phylotypes represent only a fraction of species actually inhabiting 
both the brine and the brine-seawater interface, with as much as 82% of the 
actual richness missed by our survey. Jaccard indices (e.g., for a comparison of 
community membership) suggest that the brine/interface protistan communities 
are unique to Bannock and Discovery basins, and share little (0.8-2.8%) in 
species composition with overlying waters with typical marine salinity and oxygen 
tension. The protistan communities from the basins’ brine and brine/seawater 
interface appear to be particularly enriched with dinoflagellates, ciliates and other 
alveolates, as well as fungi, and are conspicuously poor in stramenopiles. The 
uniqueness and diversity of brine and brine-interface protistan communities make 
them promising targets for protistan discovery. 
 
Key words: anoxic, brine, community structure, deep-sea, DHAB, hypersaline, 
molecular diversity, protists 
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Introduction 
 
Explorations of biological diversity under some of the most extreme conditions 
present in Earth’s biosphere will likely lead to the discovery of microorganisms 
with novel structures and metabolic/physiological capabilities, and will increase 
our understanding of the extent and characteristics of life on Earth. Deep 
hypersaline anoxic basins (DHABs) in the Mediterranean and Red Sea have 
provided exciting new insights into novel microbial diversity and have already 
extended our knowledge of the environmental factors that define the limits of life 
(Eder et al. 2001; Eder et al. 1999; Eder et al. 2002; Sass et al. 2001; van der 
Wielen et al. 2005; van der Wielen and Heijs 2007; Yakimov et al. 2007b). 
Several DHABs (Tyro, Urania, Bannock, l’Atalante and Discovery), which 
originated from the dissolution of ancient subterranean Miocene salt deposits that 
became exposed to seawater in response to tectonic activity, have been 
discovered only relatively recently in the Eastern Mediterranean Sea 
(Camerlenghi 1990; de Lange et al. 1990). These basins are typically more than 
3000m below sea level, and the high density of the brines within these basins 
results in limited mixing with overlying seawater. The combination of nearly 
saturated salt concentration and corresponding high density, high hydrostatic 
pressure, absence of light, anoxia, and a sharp chemocline make these basins 
some of the most extreme habitats on Earth. 
Each of the Eastern Mediterranean DHABs is geochemically distinct (van 
der Wielen et al. 2005). For example, a striking difference between the Discovery 
basin and the other basins is the extremely high concentration of Mg2+ (up to 
5000 mM compared to 300-650 mM in the other basins, and ca. 60 mM in regular 
seawater) and low concentration of Na+ (ca.70 mM compared to 3500-4700 mM 
in the other basins and ca. 500 mM in regular seawater). Such concentrations of 
divalent cations are the highest recorded to date in a natural environment 
(Wallmann et al. 2002; Wallmann et al. 1997) and are considered anathema to 
life and biogeochemical dead ends (Coleman 1993; Horowitz et al. 1972; Oren 
1999; Siegel et al. 1979) 
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(Coleman 1993; Horowitz et al. 1972; Oren 1999; Siegel et al. 1979). Yet, studies 
of prokaryotes in the Discovery, L’Atalante, Urania, and Bannock basins 
incorporating DAPI counts, analyses of 16S ribosomal RNA (16S rRNA) gene 
sequences, and measurements of sulfate reduction, methanogenesis, and 
heterotrophic activity have revealed metabolically active bacterial and archaeal 
communities in the Eastern Mediterranean DHABs (Daffonchio et al. 2006; 
Hallsworth et al. 2007; van der Wielen et al. 2005; van der Wielen and Heijs 
2007; Yakimov et al. 2007a; Yakimov et al. 2007b). The unique nature of these 
microbial communities in the Eastern Mediterranean deep-sea brines became 
evident by the observation that 16S rRNA gene sequences found in the brines 
are related to phylogenetic groups that are not found in normal seawater (van der 
Wielen et al. 2005). Furthermore, in a cluster analysis of archaeal and bacterial 
16S rRNA gene data, van der Wielen et al. (2005) revealed distinctive structural 
differences between the microbial communities in the Urania, Bannock, 
L’Atalante and Discovery basin, with the latter being the most dissimilar. These 
data indicated that microbial community structures in the DHABs and 
geochemical conditions are directly linked. The authors assumed that the distinct 
geochemical conditions in each of the basins together with their physical 
separation from each other, as well as their existence for thousands of years 
resulted in the evolution of specific microbial communities in each of the basins. 
This assumption finds support in the discovery of novel microbial enzymes with 
unusual structures and biochemical characteristics that are adapted to function in 
these basins (Ferrer et al. 2005).  
Thus far, the above hypothesis has gone untested for the eukaryote 
representatives of microbial communities (protists). In chemosynthetic (anoxic) 
deep-sea systems a high abundance of bacteria usually supports a secondary 
food web (Taylor et al. 2006; Taylor et al. 2001) that consists of a diverse 
assemblage of unicellular eukaryotes (Stoeck et al. 2006; Stoeck et al. 2003b). 
However, protists in deep-sea brines, specifically in MgCl2-rich environments, are 
entirely unexplored. Despite the fact that protists play an integral role in the 
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functioning of any ecosystem (Azam et al. 1983), only a limited number of 
studies, most of them microscopy-based, have focused on protistan diversity in 
hypersaline habitats in general. The emerging picture, as summarized in a recent 
review (Hauer and Rogerson 2005), is that moderately hypersaline systems 
sustain a rich and diverse community of mostly halotolerant microbial eukaryotes; 
however, once the salinity exceeds 30%, protists are either missing or very rare 
(Elloumi et al. 2006; Oren 2000; Pedrós-Alió et al. 2000; Por 1980; Ramos-
Cormenzana 1991) (for criticism see (Finlay 1990). In this study, we used 
statistical and phylogenetic analyses of eukaryote small subunit ribosomal RNA 
(SSU rRNA) genes to address the following questions: (i) Are there signs of 
microeukaryotic life in the super-extreme environments of the Bannock and 
Discovery basins? (ii) If so, is this life represented by a few potentially highly 
specialized (endemic) taxa or is it as diverse and abundant as in other, non-
hypersaline, marine environments? And (iii), do the distinct biogeochemical 
characteristics of the two basins under study select for different protistan 
communities? 
 
 
Materials and methods 
 
Sample collection and preparation 
 
Samples were collected in fall 2003 aboard the R/V Urania from (a) the Bannock 
brine/seawater interface (cast AB27SCI, 34°17.488N, 20°00.692E) with total 
salinity up to 246 g/kg (3.07 mol/kg of Na+ and 470 mmol/kg of Mg2+); (b) 
Bannock brine (cast AB29SCI, 34°17.397N, 20°00.709E) with total salinity of 
280 g/kg in Bannock basin (3.50 mol/kg of Na+ and 540 mmol/kg of Mg2+); and 
(c) from the Discovery brine/seawater interface (cast DISC3R1, 35°16.611N, 
21°41.384E) with total salinity up to 320 g/kg (45 mmol/kg of Na+ and 3.30 
mol/kg of Mg2+). Two reference samples were collected from overlying seawater 
in the DHAB area (34°13.850N, 21°28.400E) with 39 g/kg of total salinity (420 
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mmol/kg of Na+ and 55 mmol/kg Mg2+). For a detailed physico-chemical 
description of the sampling sites we refer to the available literature (Daffonchio et 
al. 2006; Hallsworth et al. 2007; van der Wielen et al. 2005). To prevent mixing 
and perturbation of the samples, we applied a specific high-precision sampling 
technique that was developed for this particular purpose (Daffonchio et al. 2006). 
This strategy employed the Modus-Scipack system as described in detail 
previously (Daffonchio et al. 2006) equipped with a CTD and a series of 10-l 
Niskin bottles as well as a pressure sensor for recording the pressure at which 
the Niskin bottles were closed. As the halocline samples in the Niskin bottles 
exhibited a steep salinity gradient, the contents of the Niskin bottles were 
carefully fractionated on board ship by slowly recovering only the fraction that 
matched the salinity of the upper or lower halocline (fractionated sampling). For 
details see Daffonchio et al. (2006). Water samples were filtered through 47-mm 
diameter, 0.22-µm pore-size Nuclepore filters (Millipore, Billerica, MA, USA). 
Collected material was re-suspended in 100 µl of TE buffer (pH 8.0) containing 
lysozyme (5 mg ml-1), lysed by addition of 300 µl of lysis buffer QRL1 (Qiagen, 
Milan, Italy) and stored at -20°C until processing. Total genomic DNA was 
extracted from filters using a Qiagen RNA/DNA Mini Kit (Qiagen, Milan, Italy). 
The extraction was carried out according to the manufacturer’s instructions. DNA 
was stored in isopropanol at –20ºC before precipitation. The quality of the DNA 
samples was examined by agarose electrophoresis and concentrations were 
determined using a NanoDrop® ND-1000 Spectrophotometer (Wilmington, DE, 
USA).  
 
18S rRNA gene analysis 
 
 PCR amplification of the 18S rRNA gene was performed using a nested PCR. 
The first reaction used the universal eukaryotic primer set EukA 1 to 21 and 
EukB 1795 to 1772 (Medlin et al. 1988) and HotStar Taq DNA polymerase 
(Qiagen, Valencia, Calif.). The PCR protocol consisted of an initial hot-start 
incubation of 15 min at 95°C followed by 30 identical amplification cycles (94°C 
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for 1 min, 55°C for 30 s, 72°C for 2 min 30 s; and finally 72°C for 10 min). This 
was followed by amplification using the primer combinations Euk360FE and the 
universal primer 1492R (Medlin et al. 1988). Negative control reactions included 
bacterial (Escherichia coli) and archaeal (Sulfolobus solfataricus) DNA. For the 
second PCR amplification, 1 µl of the first PCR mixture was used to amplify the 
target fragments using the same PCR protocol as described above. Amplified 
DNA was checked for quality by agarose gel electrophoresis, and cloned into the 
vector TopoXL (Invitrogen). Separate clone libraries were generated for each of 
the original DNA samples. Plasmid DNA from four 96-well plates of clones from 
each library (ten 96 well-plates in case of the Bannock library) was prepared 
using a MWG Biotech RoboPrep2500, and inserts were sequenced bi-
directionally using an Applied Biosystems 3730XL capillary sequencer at the 
Josephine Bay Paul Center at the Marine Biological Laboratory (MBL), Woods 
Hole, MA. Processing of the data used PHRED, PHRAP (Ewing and Green 1998; 
Ewing et al. 1998) and a pipeline script to call bases from chromatograms, 
perform quality control procedures including checks for data consistency, data 
integrity, and data quality, to trim vector and low quality data and to assemble the 
sequences into contigs. The sequences were checked for chimeras using the 
Bellerophon Chimera Check program and the Check_Chimera utility (Ribosomal 
Database Project (Cole et al. 2003). After removal of short sequences (< 800 bp) 
and putative chimeras, the remaining sequences were clustered using an all-to-
all sequence comparison at percent similarity cutoffs ranging from 99% to 50% 
as described previously (Stoeck et al. 2007). We selected the OTUs at 98% for 
further phylogenetic analysis, and for each such OTU designated one, randomly 
chosen sequence as a representative. These representative sequences were 
subsequently aligned to 18S rRNA sequences available in the ARB package 
((Ludwig et al. 2004), http://www.arb-home.de). The rRNA alignment was 
corrected manually according to secondary structure information and alignment 
uncertainties were omitted. Only unambiguously aligned positions were used to 
construct phylogenetic trees. These sequences have been deposited in Genbank 
under the accession numbers FJ000071-FJ000279. 
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Phylogenetic analyses 
 
Partial alignments comprising sequences of defined taxonomic groups were 
exported from ARB for phylogenetic analyses to construct detailed subtrees. 
Evolutionary distance analyses under maximum likelihood criteria were carried 
out in PAUP* v4.0b8 (Swofford 2002), with all characters equally weighted and 
unordered. The TBR heuristic option was used to search tree space, running ten 
random additions with the MulTree option on. The evolutionary model that best fit 
each of our aligned data sets was chosen among 56 possible models using 
Modeltest (Posada and Crandall 2001). Support for the evolutionary distance 
analyses under maximum likelihood came from 1000 bootstrap replicates using 
heuristic searches. Bayesian analyses were carried out using MrBayes v3.2.1 
(Huelsenbeck and Ronquist 2001) with posterior probability support values 
calculated using four chains/two runs and running 10 million generations for each 
alignment. Trees were sampled every 1000th generation. The first 25% of 
sampled trees were considered ‘burn-in’ trees and were discarded. A 50% 
majority rule consensus of the remaining trees was used to calculate posterior 
probability values. The GTR+I+G evolutionary model was estimated using hLTR 
in MrModeltest v2. 
 
Phylotype richness estimates 
 
We estimated the total number of phylotypes (operational taxonomic units) in 
each sampled community using statistical procedures described previously 
(Hong et al. 2006; Jeon et al. 2006; Zuendorf et al. 2006). In brief, we fit seven 
candidate parametric abundance models to the observed phylotype frequency 
counts, selecting a preferred model based on the Pearson chi-square and Akaike 
Information Criterion (AIC) statistics, to obtain a final parametric richness 
estimate and associated standard error (SE). The candidate abundance 
distributions included the equal-species-sizes model, and the gamma, lognormal, 
 9 
Pareto, inverse Gaussian, and mixtures of two and of three exponential 
distributions. The corresponding mixed-Poisson distributions (e.g., the gamma-
mixed Poisson) were fitted to the frequency count data (derived from the clone 
libraries) via maximum likelihood, using custom software on the Velocity Cluster 
in Cornell’s Center for Advanced Computing. The selected parametric model in 
each case is given in Table 1. We also computed various nonparametric 
statistics using the software SPADE (Chao and Shen 2003-2005), particularly the 
Abundance-based Coverage Estimators (of total richness) ACE and ACE1; either 
ACE or ACE1 was selected as the preferred nonparametric analysis based on an 
empirical cutoff value for the coefficient of variation of the frequency count data, 
as given in the literature (Chao and Shen 2003-2005). The selected 
nonparametric estimator in each case is given in Table 1. 
 
Community similarity 
 
The program package SPADE (Chao and Shen 2003-2005) was used to 
calculate the Jaccard index as a measure of similarity between two communities 
based on incidence (Jincidence), abundance (Jabundance), and abundance with 
adjustment for the effect of unseen shared phylotypes, in order to reduce bias 
due to undersampling (Jadjusted) (Chao et al. 2006).  
 
DNA recovery experiments 
 
We considered the possibility that brine DNA may be exogenous, settling from 
the overlying water with e.g. dead cells and/or detrital material. This possibility 
was tested in a laboratory experiment designed to replicate as closely as 
possible the interface between the Bannock brine and the overlying seawater. 
We prepared artificial seawater with chemistry matching that of the Bannock 
brine (Daffonchio et al. 2006; van der Wielen et al. 2005). Fifteen liters of this 
brine solution was put into each of four 25L carboys. Two duplicated 
experimental treatments included brine solution that was carefully over-layered 
 10 
with either 5L of water containing live protists (5000 cells/L of Paramecium), or 
5L of artificial seawater containing DNA from dead cells (5000 cells/L of heat-
killed Paramecium heated to 60°C for 30 min). In the absence of actual counts, 
we chose this cell abundance as representative of in situ conditions because 
heterotrophic protists are typically found in 1:1000 ratio to their principal 
(prokaryotic) prey (Zubkov et al. 2007); the latter is about 5 x 104 ml-1 in waters 
adjacent to Bannock’s brine (Daffonchio et al. 2006; van der Wielen et al. 2005). 
Continuous separation of the two layers was confirmed by regular measurements 
of salinity and density of the upper (3% salinity) and lower (the brine) layers. One 
carboy from each treatment was sacrificed immediately (T0), and the two 
remaining carboys were sacrificed after 6 weeks of incubation (T1), by collecting 
two 5L samples of the brine layer by carefully dripping the brine solution from the 
bottom of the carboy into sterile flasks. Additionally, two 500 ml samples of the 
overlaying seawater were collected from each carboy, and two 500-ml halocline 
samples at T1. The brine samples from each carboy were individually filtered on 
0.22µm Nucleopore filters, and DNA was extracted using the same protocol as 
was used during the original sample collection in the field. This was followed by 
PCR amplification of 18S rRNA genes using the same protocol as above. 
 
 
Results and discussion 
 
The principal purpose of this study is to answer the following three questions: (i.) 
Does microeukaryotic life exist at the extremes of salinity and osmotic pressure 
found in the thalassic pure halite Bannock basin and the athalassic pure 
bischofite Discovery basin with chaotrophic conditions? (ii.) If yes, is this life 
diverse and abundant? (iii.) Do the geochemically-distinct basins exhibit similar 
protistan communities or do they select for different protistan lineages? To 
address these questions, we explored the protistan communities in these two 
extreme environments using statistical and phylogenetic analyses of eukaryote 
rRNA genes retreived from (1.) the interface and (2.) the brine body of Bannock 
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basin, (3.) the chaotrophic interface of the Discovery basin, and (4.) a seawater 
reference sample collected immediately above the haloclines.  
 
I. Does microeukaryotic life exist at the extremes of salinity and osmotic pressure 
in the Bannock and Discovery basins? 
 
We successfully constructed four SSU rRNA gene clone libraries from the 
environmental genomic DNA extracts, which supports the notion that eukaryotes 
are present in all sampled environments, including the extremes of the Bannock 
brine. We considered a possibility that this DNA was not indigenous to the 
respective environments. Indeed, the high density of the haloclines of the DHABs 
may act as a barrier that traps organic material (including cell debris) originating 
from the upper water column (de Lange et al. 1990), and the high salt 
concentration of the brine may help preserve DNA (Danovaro et al. 2005). To 
experimentally check the likelihood of an allochtonous origin for brine and 
interface DNA, we conducted a mesocosm experiment in which we simulated the 
deep-seawater, the halocline, and the brine of the Bannock Basin. The 
experiment was designed to investigate the likelihood of the (i) accumulation of 
PCR-amplifiable DNA from the overlying seawater in the halocline, and (ii) 
permeation of such DNA into the brine and its persistence there. Live or heat-
killed Paramecium cells were layered above the simulated halocline and 
incubated for six weeks. Figure 7a shows that at the start of the experiment 
positive amplification of eukaryotic genomic DNA was only achieved for the 
seawater overlayers.  After the incubation period, no PCR-amplifiable (same 
protocol as used for the clone library construction and at the beginning of the 
mesocosm experiment) DNA was detected in the overlying seawater, the 
interface or the brine (Fig. 7b).  
Even though our experimental setup only approximated the physico-
chemical conditions at the Bannock interface, and tested a single organism, the 
data strongly suggest a low probability of PCR contamination from the 
accumulation of amplifiable extracellular DNA bound to detritus or from the 
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accumulation and preservation of intact dead allochtonous planktonic organisms. 
This is likely due to the specific density of the brine (1.23 at 280g/Kg salinity, the 
highest sampled in this study in the Bannock brine), as detrital particles as a rule 
have a higher density (Epstein 1995) and should simply sink to the bottom. 
Allochtonous DNA in the brine should therefore be limited to the transient 
amount, further diminished by its apparent degradation as indicated by the failure 
of our PCR reactions (see faint smear of non-amplifiable DNA in Fig. 7b). We 
assume that the relatively high temperatures in the deep waters of the basins 
under study (ca. 14 °C) fuel a faster degradation of transient high-molecular 
weight free DNA compared to ‘normal’ cold deep-sea environments. Live cells on 
the other hand would not be able to penetrate even the uppermost layers of the 
interface as their typical specific density is 1.025 (Beaver and Crisman 1982), or 
less (Gates et al. 1982), and even hard-bodied benthic metazoa are lighter than 
brine  (Epstein 1995). It therefore stands to reason that our samples from at least 
the denser brines were largely free of allochtonous cells and their DNA, and that 
at least the vast majority of detected 18S rRNA gene sequences represent the 
indigenous protistan communities. Despite this reasoning, we note that we 
cannot exclude detection of non-indigenous or inactive organisms in our DNA-
derived clone libraries. Evidence for the indigenuous nature of these organisms 
can only come from direct isolation and culturing or RNA-targeted direct 
hybridization techniques (Massana et al. 2002; Stoeck et al. 2003a). Therefore, 
we consider the indigenous nature of the analyzed protistan communities merely 
as a working hypothesis. 
 
II. How abundant and diverse is protistan life in Bannock and Discovery Basins? 
 
We monitored phylotype accumulation (library saturation) during sequencing. As 
three of the libraries (Discovery interface, Bannock brine, seawater) were 
approaching saturation after analyzing ca. 150-200 protistan clones (Fig. 1) we 
did not continue sequencing these libraries. This was different for the Bannock 
interface library. Even after the analysis of more than 1500 clones, the phylotype 
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accumulation curve is still increasing steeply. Richness estimates revealed that 
the protistan community is quite diverse within each of the four environments 
sampled, with predicted numbers of OTUs that are higher in the interface and 
brine environments than in the overlying seawater. At 95% sequence similarity 
parametric estimators predict 103.3±48 OTUs in the Bannock interface, 
141.8±83.5 OTUs in the Discovery interface, 119±64.1 OTUs in the Bannock 
brine, and 55.5±15.2 OTUs in the overlying seawater control. Nonparametric 
estimators were consistent with these predictions (Table 1). As estimates for 
selected cases are too inaccurate (high SE), we here refrain from discussing 
phylotype richness estimates at higher sequence similarities (e.g. 98% and 99%). 
A general overview of all sequences (Fig. 2) shows a high diversity: with 
the exception of excavates and amoebozoa we found representatives of all major 
eukaryote taxonomic groups (opisthokonts, plants, cercozoa, alveolates, 
stramenopiles and discicristates). All domain-specific libraries are dominated by 
sequences that have affiliations to single cell organisms and metazoa play only a 
negligible role (data not shown). The vast majority of all phylotypes retrieved in 
this study falls within the alveolates (74%), 12% of which are constituted by 
ciliates and 62% by dinoflagellates (including syndiniales) and uncultured marine 
alveolates. Also fungi are very abundant (17%) while other taxonomic groups like 
stramenopile (2%) and euglenozoan (4%) flagellates as well as Polycystinea 
(2%) are relatively rare. This community composition is distinct from the typical 
picture of open ocean communities in the photic zone that are usually dominated 
by stramenopiles and pigmented picoplankton taxa (Countway et al. 2007; 
Massana et al. 2004b; Moon-van der Staay et al. 2001; Not et al. 2007), but 
largely agrees with observed diversity and total diversity estimates of other 
molecular protistan diversity surveys in (anoxic) deep-sea environments 
(Edgcomb et al. 2002; Stoeck and Epstein 2003; Stoeck et al. 2006; Takishita et 
al. 2007). This further supports the notion that our interface and brine libraries 
are not primarily reflections of detritus from the water column but at least to a 
large extent reflects indigenous protistan assemblages. 
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III. Are protistan communities from the Bannock and Discovery basins unique? 
 
The phylotypes and diverse taxonomic groups we recovered are not equally 
distributed in the four samples that we studied, and the number of phylotypes 
shared between the different samples is only marginal (Table 2). We calculated 
Jaccard indices as a measure of community similarity (Table 3). Regarding 
community membership (Jincidence), community structure (Jabundance) and 
community structure after adjustment for unseen phylotypes (Jadjusted), a very high 
dissimilarity (Jaccard values range between 1-0 with 1 indicating identical 
communities) was found between the Bannock and Discovery interfaces 
communities (0.015-0.02) (Table 3). A higher similarity was detected in all cases 
when comparing the seawater reference sample with the two DHABs interface 
communities. The brine community proved to be most dissimilar from all other 
communities in all cases. These data show increasing changes in community 
membership and structure from the deep seawater through the halocline and into 
the brine. This is in agreement with previous studies on bacterial and archaeal 
communities in Eastern Mediterranean DHAB’s (Daffonchio et al. 2006; van der 
Wielen et al. 2005; Yakimov et al. 2007b).  
Van der Wielen et al. (2005) observed most pronounced differences in 
bacterial community composition between the Discovery basin and the other 
DHABs in the Eastern Mediterranean (Urania, Bannock, L’Atalante). The authors 
attribute this finding to the high concentrations of MgCl2 found in Discovery. Most 
known and described hypersaline organisms have difficulties coping with high 
MgCl2 concentrations. MgCl2-rich environments like bittern ponds have even 
been described as sterile (Javor 1989). The molecular mechanisms that enable 
protists to cope with extremely high concentrations of divalent cations in their 
natural habitat are literally unknown (Oren 2002). Different from sodium salts, 
magnesium salts behave as salting-in salts, increasing protein solubility and 
reducing protein stability. Clearly, high MgCl2 concentrations seem to impose 
more of a restriction on microbial life in some of the DHABs due to its 
chaotropicity (Hallsworth et al. 2007). Thus, it is highly likely that life in the 
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Discovery interface requires specific adaptations, resulting in microbial 
communities that are distinctly different from the ones in NaCl-rich environments 
like Bannock.  
A striking difference in the microeukaryote community composition 
between the NaCl-rich Bannock and the MgCl2-rich Discovery environments is 
the distribution of fungal phylotypes. No fungi were detected in the Bannock brine 
and the Discovery interface, while they are numerous in the Bannock interface 
library (24 basidiomycetes and ten ascomycetes, one of which is shared with the 
reference seawater library, clone 572A06). Regarding their adaptation to high-
salt environments, fungi, specifically ascomycete yeasts and basidiomycetes, 
reaffirmed themselves as one of the ecologically most successful eukaryotic 
lineages (Gunde-Cimerman et al. 2005; Gunde-Cimerman et al. 2000; Kis-Papo 
et al. 2001). However, this situation is not quite as obvious regarding the 
adaptation of fungi to anoxia. Apart from a few exceptions (e.g. some 
chytridiomycetes) no strictly anaerobic fungi have been described and they have 
been thought to play only a minor role in ecosystem processes in anaerobic 
systems (Dighton 2003; Mansfield and Barlocher 1993). This contrasts with 
molecular diversity surveys in anaerobic aquatic environments, where fungal 
sequences sometimes account for a significant fraction of the clones (Dawson 
and Pace 2002; Edgcomb et al. 2002; Luo et al. 2005; Stoeck and Epstein 2003; 
Stoeck et al. 2006; Stoeck et al. 2007). Support for the survival and growth of 
fungi in anaerobic environments comes from reports of some ascomycetes 
(Dumitru et al. 2004; Sonderegger et al. 2004) and some basidiomycetes (Fell et 
al. 2001) that are capable of fermentation and anaerobic growth, some of which 
have even been isolated from anaerobic deep-sea environments (Nagahama et 
al. 2003). Thus, we assume that fungi indeed may play an ecologically important 
role in anoxic hypersaline environments. This assumption needs to be verified in 
future studies.  
In our study, large alveolate sequence clusters are populated almost 
exclusively by sequences recovered from the Bannock interface and by only a 
few sequences from the Discovery interface and none from the Bannock brine or 
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the reference seawater (Fig. 4). These clusters fall within the Uncultured Marine 
Alveolates Group II (UMAII). This lineage was originally discovered in the 
Antarctic deep sea (López-García  et al. 2001) and since then, UMAII sequences 
have been reported from a variety of different marine environments including 
diverse anoxic deep-sea environments (Edgcomb et al. 2002; López-García  et 
al. 2003; Stoeck et al. 2006; Takishita et al. 2007) but also from oxygenated open 
ocean or coastal waters (Massana et al. 2004a; Not et al. 2007; Romari and 
Vaulot 2004; Worden 2006). The closest BLASTn match of all DHAB UMAII 
sequences exhibiting only 90% sequence similarity was to two previously 
deposited sequences of the flagellated parasite Amoebophyra, namely 
Amoebophyra sp. ex. Gymnodinium instriatum (dinoflagellate) and Amoebophyra 
sp. ex. Alexandrium affine (dinoflagellate). However, due to the large 
phylogenetic distance of the environmental DHAB UMAII sequences to 
Amoebophrya, it is not possible to infer the life styles of these DHAB organisms.  
One large clade (“uncultured marine alveolate Bannock clade”, Fig. 5) 
consisting of exclusively Bannok sequences sits as a possible sister group to 
UMAI, deeply branching with the “true” dinoflagellates and the UMAI. This novel 
group is also populated by sequences exclusively from the interface in Bannock 
basin. There is no support for its inclusion in UMA I, in fact different analyses 
place this clade within the dinoflagellates (with very weak support, unpublished 
data), rendering the branching position of this clade, and thus, the cellular identity 
and ecological role of the respective organisms, uncertain. Another 
environmental clade (“uncultured dinoflagellate clade”) is located "between" the 
“core dinoflagellates” and the UMAII, and includes sequences from uncultured 
organisms recovered from the nanoplankton size fraction of the deep chlorophyll 
maximum in the Sargasso Sea (Armbrust et al., unpublished), and a supersulfidic 
anoxic fjord in Norway (Behnke et al, unpublished, (Behnke et al. 2006). The 
closest BLASTn hits of these environmental sequences to a described species 
are to the dinoflagellates Gyrodinium. Like numerous other dinoflagellates, 
Gyrodinium is characterized as a mixotroph feeding type, that is capable of 
phagotrophy, and thus, is able to thrive in light-independent environments 
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(Stoecker 1999). Neither Bayesian nor Evolutionary Distance offers strong 
support to hold this group of sequences together or to hold them outside of either 
the “core” dinoflagellates or UMAII. Despite weak support within the 
dinoflagellate analysis for most groupings, Figure 5 illustrates a tremendous 
diversity of dinoflagellate-like taxa present in the Bannock interface environment, 
with some obviously specific and possibly endemic Bannock clades. 
Analysis of ciliate sequences (Fig. 6) reveals that representatives of this 
alveolate phylum comprise part of all DHAB communities under study. However, 
while ciliates were relatively rare in the reference seawater library (4 phylotypes 
at 98% sequence similarity), the ciliated protists constitute a significant proportion 
of the brine library (10 phylotypes at 98% sequence similarity). We found 
representatives from six out of eleven described (ribo)classes, with some of them 
occurring exclusively in a single environment. For example, the strictly anaerobic 
Armophorea are unique to the chaotrophic Discovery sample, while heterotrichs 
occur exclusively in the Bannock brine. The vast majority of all ciliate phylotypes 
discovered in this study branch as closest neighbors of either environmental 
clones from other marine anoxic sampling sites such as, the Great Sippewisset 
Saltmarsh (CCW111 and CCA70, (Stoeck and Epstein 2003), the Guaymas 
deep-sea basin (C1_E007, (Edgcomb et al. 2002), the Mid-Atlantic Ridge (AT6-4, 
(López-García  et al. 2003), and a Danish fjord (M1_18C08, (Zuendorf et al. 
2006). The closest related named species are ciliates with a facultative or strict 
anaerobic or microaerophilic life style, such as, Trimyema, Strombidium, 
Metopus, and Peritromus. A highly supported clade consisting exclusively of 
possibly endemic sequences recovered from the thalassic Bannock interface is 
highly divergent to Cryptocaryon irritans, an enigmatic parasite with a weak 
assignment to the class Prostomatea (Wright and Colorni 2002). This Bannock 
clade shares a common ancestor with another environmental sequence IN2411 
retrieved from an anoxic deep-sea sediment sample (López-García  et al. 2003) 
and cannot be assigned to one of the eleven described classes, suggesting a 
possible novel ciliate candidate-class. This finding once more (compare (Behnke 
et al. 2006; Stoeck et al. 2006; Stoeck et al. 2003b; Zuendorf et al. 2006) 
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emphasizes that we are still far from the discovery of all higher taxonomic groups 
in the domain Eukarya, even in groups of organisms that have been studied for 
more than two centuries (Ehrenberg 1838; Foissner 2008; Kahl 1930-1935). 
Specifically, extreme environments that have been difficult to access with 
traditional cultivation- and microscopy-based techniques repeatedly emerge as a 
potential excellent source of novel taxa at high taxonomic levels.  
 
 
Conclusions 
The environmental conditions that define the limits of eukaryote life are still far 
from being established. Our studied revealed that even in one of the most 
extreme marine environments that has been considered anathema to life for a 
long time, a diverse assemblage of protists an be found. This assemblage seems 
to be supported by a high abundance of bacteria as inferred from the trophic 
mode of most of the organisms that are related to the 18S rRNA gene sequences 
retrieved from the Discovery and Bannock DHABs. Considering the high 
proportion of sequence clades that are unique to the environments under study 
and their high divergence to previously described 18S rRNA gene sequences, 
these basins are an excellent source for the discovery of novel organisms with 
physiological capabilities and survival strategies that are very likely still unknown 
to science. Our data suggest that the protistan communities in the brine and the 
brine/seawater interfaces of Bannock and Discovery basins are unique to these 
habitats and share little similarity in species composition with the overlying 
seawater. Thus, it seems likely, that as reported for bacteria, the distinct 
biogeochemical conditions prevailing in the different basins exert a specific 
selection pressure on protistan communities resulting in the evolution of 
specialized, possibly geographically restricted, protistan assemblages. 
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Figure legends 
 
Figure 1. SSU rRNA gene protistan phylotype accumulation for the four libraries 
under study. Since three of the libraries approached saturation after sampling 
150-200 clones, we did not perform further clone sampling and analyses. 
However, one of the libraries (Bannock interface) still increases linearly after 
sampling 1600 clones. The insert displays the phylotype accumulation for the 
libraries after 200 random clone selections from the Bannock interface library. 
Phylotype definition is based on a sequence similarity of 98%. Metazoa are 
excluded. 
 
Figure 2. Bayesian phylogenetic analysis showing the general distribution of all 
protistan SSU rRNA gene phylotypes retrieved from the Bannock interface, 
Discovery interface, Bannock brine and a reference deep seawater community in 
the DHAB region of the Eastern Mediterranean Sea. The pie chart displays the 
proportion of phylotypes in major eukaryote taxonomic groups. Metazoa are 
excluded from these analyses. Four incrementally heated, randomly seeded 
Markov chains were run for 4X106 generations, and topologies were sampled 
every 100th generation. To confirm these results, 4 independent, randomly 
seeded analyses of the data set were performed with identical results. The first 
15000 generations were discarded as burn-in based on analysis of Bayesian 
output data. Support values at nodes are Bayesian posterior probabilities 
observed at 4X106 generations, and RAxML maximum likelihood bootstrap 
values estimated using 1000 bootstrap replicates (version 4.0.2).  
 
Figure 3. Minimum evolution phylogenetic tree of eukaryotic small-subunit rRNA 
gene sequences showing the position of fungal phylotypes in the Bannock 
interface (green), Discovery interface (brown), Bannock brine (red) and 
overlaying oxygenated deep seawater (blue). The tree was constructed under 
maximum-likelihood criteria by using a GTR+I+G DNA substitution model with 
the variable-site gamma distribution shape parameter (G) at 0.7780, the 
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proportion of invariable sites at 0.2179 and base frequencies and a rate matrix 
for the substitution model as suggested by Modeltest (Posada and Crandall 
2001) based on 809 unambiguously aligned positions. The first numbers are 
distance bootstrap values over 50% from an analysis of 1000 pseudoreplicates. 
The second numbers are posterior probabilities from 1502 collected trees (2 
runs, 106 generations, 1000 sampled trees per run, burnin = 250). Black circles at 
nodes indicate full support from both analyses. Numbers behind a DHAB 
sequence indicate a phylotype that was observed in both the upper and lower 
face of the halocline with color coding as described above. 
 
Figure 4a and b. Minimum evolution phylogenetic tree of eukaryotic small-
subunit rRNA gene sequences showing the position of uncultured marine 
alveolate group II (UMAII) phylotypes in the Bannock interface (green), Discovery 
interface (brown), Bannock brine (red) and overlaying oxygenated deep seawater 
(blue). The tree was constructed using a Tamura-Nei substitution model with the 
variable-site gamma distribution shape parameter (G) at 0.5958, the proportion of 
invariable sites at 0 and base frequencies and a rate matrix for the substitution 
model as suggested by Modeltest (Posada and Crandall 2001) based on 1007 
unambiguously aligned positions. The first numbers are distance bootstrap 
values over 50% from an analysis of 1000 pseudoreplicates. The second 
numbers are posterior probabilities from 1502 collected trees (2 runs, 106 
generations, 1000 sampled trees per run, burnin = 250). Black circles at nodes 
indicate full support from both analyses. Numbers behind a DHAB sequence 
indicate a phylotype that was observed in both the upper and lower face of the 
halocline with color coding as described above. 
 
Figure 5. Minimum evolution phylogenetic tree of eukaryotic small-subunit rRNA 
gene sequences showing the position of uncultured marine alveolates, 
dinoflagellates and Syndiniales phylotypes in the Bannock interface (green), 
Discovery interface (brown), Bannock brine (red) and overlaying oxygenated 
deep seawater (blue). The tree was constructed under Tamura Nei substitution 
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model with the variable-site gamma distribution shape parameter (G) at 0.6935, 
the proportion of invariable sites at 0 and base frequencies and a rate matrix for 
the substitution model as suggested by Modeltest (Posada and Crandall 2001) 
based on 862 unambiguously aligned positions. The first numbers are distance 
bootstrap values over 50% from an analysis of 1000 pseudoreplicates. The 
second numbers are posterior probabilities from 1502 collected trees (2 runs, 106 
generations, 1000 sampled trees per run, burnin = 250). Black circles at nodes 
indicate full support from both analyses. Numbers behind a DHAB sequence 
indicate a phylotype that was observed in both the upper and lower face of the 
halocline with color coding as described above. 
 
Figure 6. Minimum evolution phylogenetic tree of eukaryotic small-subunit rRNA 
gene sequences showing the position of ciliate phylotypes in the Bannock 
interface (green), Discovery interface (brown), Bannock brine (red) and 
overlaying oxygenated deep seawater (blue). The tree was constructed under 
maximum-likelihood criteria by using a GTR+I+G DNA substitution model with 
the variable-site gamma distribution shape parameter (G) at 0.4344, the 
proportion of invariable sites at 0.0886 and base frequencies and a rate matrix 
for the substitution model as suggested by Modeltest (Posada and Crandall 
2001) based on 986 unambiguously aligned positions. The first numbers are 
distance bootstrap values over 50% from an analysis of 1000 pseudoreplicates. 
The second numbers are posterior probabilities from 1502 collected trees (2 
runs, 106 generations, 1000 sampled trees per run, burnin = 250). Black circles at 
nodes indicate full support from both analyses. Numbers behind a DHAB 
sequence indicate a phylotype that was observed in both the upper and lower 
face of the halocline with color coding as described above. 
 
Figure 7. (a) Gel picture at t0 top row; (b) gel picture at t=6 weeks bottom row. 
SW=carboy with seawater overlayer containing live Paramecium, DW=carboy 
with distilled water overlayer containing heat-killed Paramecium. In order of 
lanes: 1) BenchTop 1kb DNA ladder (Promega); 2) 528F/1492R positive control 
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(Chlamydomonas); 3) 528F/1492R negative control; 4) and 5) 528F/1492R SW 
overlayer 500ml sampled reps 1 and 2; 6) and 7) 528F/1492R SW brine layer 5L 
sampled reps 1 and 2; 8) and 9) 528F/1492R DW overlayer 500ml sampled reps 
1 and 2; 10) and 11) 528F/1492R DW brine layer 5L sampled reps 1 and 2; 12) 
360F/1492R positive control; 13) 360F/1492R negative control; 14) and 15) 
360F/1492R SW overlayer 500ml sampled reps 1 and 2; 16) and 17) 
360F/1492R SW brine layer 5L sampled reps 1 and 2; 18) and 19) 360F/1492R 
DW overlayer 500ml sampled reps 1 and 2; 20) and 21) 360F/1492R DW brine 
layer 5L sampled reps 1 and 2; 22) and 23) blanks; 24) BenchTop 1kb DNA 
ladder. Bottom row is same order for t=6 weeks, with the addition of lane 22) 
528F/1492R SW halocline bottom 3 liters; 23) 528F/1492R SW halocline next 3 
liters; 24) 528F/1492R DW halocline bottom 3 liters; 25) 528F/1492R DW 
halocline next 3 liters; 26) and 27) blanks; 28) BenchTop 1kb DNA ladder. 
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Table 1. Parametric (stochastic abundance model-based) and nonparametric 
(coverage-based) estimates of number of phylotypes (95% sequence similarity) 
for the different protistan communities under study. BI = Bannock interface, DI = 
Discovery interface, BB = bannock brine, SW = seawater reference community, 
S = estimate, SE = standard error. Estimates are presented at the 95% sequence 
similarity cutoff. 
 
Site BI (756)* DI(283)* BB(165)* SW(334)* 
Observed 38 39 38 31 
Total richness, 
parametric 
estimate ±SE 
103.3±48 141.8±83.5 119±64.1 55.5±15.2 
Abundance 
model 
Two Mixed 
Exponential 
Inverse 
Gaussian 
Inverse 
Gaussian
Two Mixed 
Exponential
Total richness, 
nonparametric 
estimate ±SE 
104.8±46.7 103.5±42.9 89±31.1 42.7±9.1 
Estimator ACE-1 ACE-1 ACE-1 ACE-1 
*library size (number of clones sequenced) 
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Table 2. Phylotypes shared by two or more libraries. DF=dinoflagellates, 
UMAII=uncultured marine alveolates groups II 
 
libraries n shared phylotypes Sequences in trees 
Bannock interface- 
Seawater 
7 1041H09 (UMAII), 
521B09 (UMAII), 
521B08 (DF), 
571G08 (DF), 
521G06 (DF), 
572A06 (fungi), 
1041E04 (ciliates) 
Discovery interface- 
Bannock brine- 
Seawater 
2 BB1D12 (ciliates), 
212C04 (ciliates) 
Discovery interface- 
Bannock interface- 
Seawater 
1 571A05 (DF) 
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 Table 3. Jaccard indices (J) for a comparison of the eukaryote community 
membership (Jincidence), community structure (Jabundance) and the community 
structure under consideration of the unseen phylotypes (Jadjusted) in the upper and 
the lower face of the halocline for different phylotype definitions (sequence 
similarity). Values for Jaccard indices range between 0 and 1, with the latter 
indicating identical communities. The analyses are based on a phylotype 
definition of 98% sequence similarity. 
 
Bannock 
interface 
Discovery 
interface 
Bannock 
brine 
J in
ci
de
nc
e 
Bannock interface    
Discovery interface 0.0159   
Bannock brine 0.0000 0.1000  
Seawater 0.0534 0.1333 0.0667 
J a
bu
nd
an
ce
 Bannock interface    
Discovery interface 0.0203   
Bannock brine 0.0000 0.1910  
Seawater 0.5892 0.2519 0.0904 
J a
dj
us
te
d 
Bannock    
Discovery 0.0210   
Bannock brine 0.0000 0.1910  
Seawater 0.6843 0.2519 0.0904 
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